Streptomyces zerumbet W14, a novel species of the endophyte genus Streptomyces was isolated from the rhizome tissue of Zingiber zerumbet (L.) Smith.
Introduction
Inside the tissue of nearly all the healthy plants, there are many endophytic microorganisms. Endophytes are synergistic to their host, some of them produced secondary metabolites which exhibit plant growth promoters or prevent phytopathogen attacking. During our investigations of the endophytes, we isolated an endophytic actinomycete from the root tissues of Zingiber officinale Rosc. and it was identified as Streptomyces aureofaciens CMUAc130; it showed the most effective antifungal activity [1] . The major active ingredients from the culture filtrate were identified as 5,7-dimethoxy-4-p-methoxyphenylcoumarin and 5,7-dimethoxy-4-phenylcoumarin which have antifungal activity [2] . We report here the isolation from the rhizome of Zingiber zerumbet (L.) Smith of another Streptomyces zerumbet W14, a novel species which was identified by morphology, chemotaxonomy and phylogenetic analysis. Extraction of the culture medium this strain afforded methyl 5-(hydroxymethyl)furan-2-carboxylate (1) and geldanamycin (2) , which displayed very strong antibacterial and anti-inflammatory activities, respectively.
Materials and Methods

Cultivation, Determination, Extraction and Isolation
Leaf, stem, rhizome and root tissues of Zingiber zerumbet (L.) Smith were used to isolate the endophytic actinomycetes by surface-sterilization technique and validation of surface sterilization was performed as described in our previous studies [3] [4] . Strain W14 was selected and identified using morphological, cultural, physiological and biochemical characteristics, chemotaxonomy and 16S rDNA sequencing [1] . This strain was grown on ISP-2 agar at 30˚C for 14 days and then the culture medium was cut into small pieces that were extracted with ethyl acetate (3 × 500 ml). This organic solvent was pooled and then taken to dryness under rotary evaporation to give a dark brown solid. The solid was separated by column chromatography using silica gel 60 (Merck, 0.040 -0.063 mm) and 30%, 50%, 75% and 100% of ethyl acetate in hexane as the eluent to give 17 main fractions (F1-F17). Fraction F17 (8.0 mg) gave a very prominent single spot of pure compound 1 on TLC and was undertaken to investigate on NMR spectroscopy. Fractions 9 -13 was pooled and fractionated again by column chromatography using sephadex LH-20 (Sigma) and 50% of methanol in dichloromethane as the eluent to give 31 fractions. Fraction F13 (30.3 mg) gave a very prominent single spot of pure compound 2 on TLC and was undertaken to cillus Calmette-Guérin (vaccine strain) using the paper disk method of National
Committee for Clinical Laboratory Standards [5] . Ampicillin (30 unit/disk) and chloramphenicol (30 μg per disk) (Oxoid, UK) were used as references for antimicrobial activity, as described in our previous study [4] . For bioautography assay, the crude extract and purified compounds were separated by TLC in optimum solvent system. The TLC strips were sterilized by exposing to UV for 30 min.
Tested bacteria were grown on nutrient broth at 37˚C for 24 h. The bacteria cells were diluted to be 10 5 cells/ml in melted soft agar and then were overlayed on TLC strips placed on ISP-2 plates. The plates were incubated at 37˚C for 24 h, then the inhibition zone was observed.
Minimum Inhibitory Concentrations
The MICs of the crude extract and purified compounds were determined by NCCLS microbroth dilution methods [6] . Ampicillin and chloramphenicol were used as references for antibacterial activity. The test samples were first of all dissolved in DMSO. The range of sample dilutions was 512 -0.5 μg/ml in nutrient broth supplemented with 10% glucose and 0.05% phenol red (NBGP). 
Cell Culture and Sample Treatment
HeLa cell line, L929 murine fibroblast cell line, and RAW 264.7 murine macrophage cell line was obtained from the Korean Cell Line Bank (Seoul, Korea).
Human peripheral blood mononuclear cells (PBMCs) were isolated by density centrifugation with Ficoll-Paque [7] . These cells were grown at 37˚C in DMEM medium supplement with 10% FBS, penicillin (100 units/ml), and streptomycein sulfate (100 µg/ml) in a humidified atmosphere of 5% CO 2 .
MTT Assay for Cell Viability
Cytotoxicity studies were performed on a 96-well plate. The cells were mechanically scraped and plated 2 × 10 5 per well containing 100 µl of DMEM medium with 10% FBS and incubated overnight. The crude extact and purified compounds 1 and 2 were dissolved in dimethylsulfoxide (DMSO) for stock solution.
Cells were incubated with crude extract and purified compounds 1 and 2 at increasing concentrations and stimulated with LPS 1 µg/ml for 24 h. The DMSO concentrations in all assays did not exceed 0.1%. Twenty-four h after seeding, 100 µl new media or test compound was added, and the plates were incubated for 24 h. Cells were washed once before adding 50 µl FBS-free medium containing 5 mg/ml MTT. After 4 h of inoculation at 37˚C, the medium was discarded and the formazan blue, which formed in the cells, was dissolved in 50 µl DMSO. The optical density was measured at 450 nm. The concentration required for reducing the absorbance by 50% (IC 50 ) compared to the control cells was determined.
Nitrite Assay
Nitrite accumulation, an indicator of NO synthesis, was measured in the culture medium by Griess reaction [8] . Briefly, 100 µl of cell culture medium was mixed with 100 µl of Griess reagent [equal volumes of 1% (w/v) sulfanilamide in 5%
(v/v) phosphoric acid and 0.1% (w/v) naphthylethylenediamine-HCl} and incubated at room temperature for 100 min] and then the absorbance at 550 nm was measured in a microplate reader. Fresh culture medium was used as the blank in all experiments. The amount of nitrite in the samples was calculated from a sodium nitrite standard curve freshly prepared in culture medium.
PGE2, TNF-α, IL-1β and IL-6 Assay
PGE 2 , TNF-α, IL-1β and IL-6 level in macrophage culture medium were quantified by ELISA kits (eBioscience, CA, USA) according to the manufacturer's instructions.
Western Blot Assay
Cellular proteins were extracted from control and test compound-treated RAW 264.7 cells as described in our previous study [9] . Protein concentration was determined by BioRad protein assay reagent according to the manufacturer's instructions, 40 -50 µg of cellular proteins from treated and untreated cell extracts were electroblotted onto nitrocellulose membrane followed by separation on 
Inhibition of Pro-Inflammatory Mediator and Cytokine Gene Expressions
The expression of pro-inflammatory mediator and cytokine genes was investigated by reverse transcription-polymerase chain reaction (RT-PCR Primer sequences used to amplify the desired cDNA were shown in Table 1 . The PCR products electrophoresed on 2% agarose gels and were visualized by ethidium bromide staning and quantified using gel image-analysis software V1.7.8 (GelQuant.NET, BiochemLabSolutions.com, USA).
Data Analysis
Data are reported as mean ± SEM values of three independent determinations.
Statistical analysis was performed by Student's t-test.
Results
Identification and Description of Selected Actinomycete Isolate
Eighteen actinomycete isolates were obtained, 4 of which were isolated from leaves, 5 isolates from rhizomes, 8 isolates from roots and only one isolate from However, it also resisted ampicillin and erythromycin. A comparative analysis of the cultural and biochemical characteristics of strain W14 with respect to its phylogenetic relatives was shown in Table 2 and Table 3 . Thus, based on results of the phenotypic and genotypic analysis, the strain W14 represents a novel species of the genus Streptomyces, for which we propose the name Streptomyces zerumbet sp. nov.
Isolation and Structure Elucidation of Bioactive Compounds
The partial components of crude extract were observed by TLC analysis in a sol- (Table 4 ) from Curvularia lunata which previously reported by Liu et al. [11] . C-NMR spectral data of which were in good agreement with those of geldanamycin (Table 5 ) previously reported by Ōmura et al. [12] and Qin and Panek [13] .
Assessment of Cytotoxicity Activity of Crude Extract and Purified Compounds
Crude extract and purified compounds from Streptomyces zerumbet strain W14
were tested for their cytotoxic activities by MTT-assay on L929, RAW264.7, HeLa cells and PBMC. The IC 50 values erew exhibited in Table 6 . In vitro cytotoxicity assays revealed that crude extract exhibited cytotoxicity against RAW264.7 cells and moderated cytotoxicity against L929 and PBMC. The activity of compounds 1 and 2 against RAW264.7 cells exhibited less toxicity with IC 50 > 512 µg/ml. However, compound 1 showed cytotoxic activity on HeLa cells and moderate activity to L929 cells, while compound 2 exhibited a cytotoxic activity on PBMC.
Antibacterial Activity of Purified Compounds
Purified compounds from Streptomyces zerumbet strain W14 were tested for their antibacterial activity by MIC and MBC mehthods. Results in Table 7 showed that compound 1 was the most active against tested bacterial strains. It showed the highest activity against S. aureus with MIC and MBC values of 1 µg/ml and 16 µg/ml, respectively, followed active against MRSA (clinical isolate) with MIC and MBC values of 1 µg/ml and 64 µg/ml, respectively. Interestingly, compound 1 was also active against Bacillus Calmette-Guérin (BCG), vaccine strain, with MIC and MBC values of 128 µg/ml and 128 µg/ml, respectively, while compound 2 showed low activity against tested bacterial strains with MIC and MBC values greater than 512 µg/ml. Gentamicin 10.00 µg/ml and rifampicin (for BCG) 8.00 µg/ml were used as positive control. 
Effects of Purified Compounds on NO and PGE2 Production in LPS-Induced RAW 264.7 Cells
LSP caused a significant increase in NO and PGE 2 production when compared with the blank control, only compound 2 caused a significant reduction in NO and PGE 2 production when compared with LPS-induced control group (p < 0.05). In detail, the production of NO in LPS-induced RAW 264.7 incubated with compound 2 at concentrations of 1, 2.5 and 5 µg/ml for 24 h were 48.72 ± 7.43, 36.51 ± 5.84 and 20.28 ± 4.66 µM, respectively, and the production of PGE 2 were 40.74 ± 6.05, 26.62 ± 6.83 and 20.77 ± 4.48 ng/ml, respectively, while the production of NO and PGE 2 in the group treated with LPS only was 52.64 ± 6.11 µM and 51.75 ± 6.56 ng/ml, respectively. Therefore, the inhibitory levels of compound 2 on NO and PGE 2 production also showed a dose-dependent pattern ( Figure 6 (NO) and Figure 7 (PGE 2 )), while compound 1 did not cause a significant reduction in NO and PGE 2 production on LPS-induced RAW 264.7 cells at the concentration of 1 to 5 µg/ml (data not shown). Since compound 2 has inhibitory effect on NO and PGE 2 production in LPS-induced RAW 264.7. It was considered on the test of inhibitory effects on iNOS and COX-2 production, proinflammatory cytokine production and also up-regulation of gene expression in LPS-induced RAW 264.7.
Effects of Compound 2 on iNOS and COX-2 Production in LPS-Induced RAW 264.7 Cells
The effects of compound 2 on iNOS and COX-2 production in LPS-induced COX-2 production in LPS-induced RAW 264.7 cells were significantly reduced when treated with purified compounds in different concentration (Figure 8 ). In detail, the relative density ratio of iNOS production in LPS-induced RAW 264.7 incubated with compound 2 at concentrations of 1, 2.5 and 5 µg/ml for 24 h were 84.67, 60.83 and 41.82, respectively, and the relative density ratio of COX-2 production in LPS-induced RAW 264.7 were 81.89, 56.86 and 34.79, respectively. Therefore, the inhibitory levels of compound 2 on iNOS and COX-2 production in LPS-induced RAW 264.7 cells also showed a dose-dependent pattern.
Effects of Compound 2 on Pro-Inflammatory Cytokine Production in LPS-Induced RAW 264.7 Cells
In this study, data showed that compound 2 decreased production of pro-inflammatory 
Effects of Compound 2 on Up-Regulation of iNOS and Proinflammatory Cytokine Transcriptions in LPS-Induced RAW 264.7 Cells
Since compound 2 inhibited the production of NO and proinflammatory cyto- 
Discussion
Strain W14 was isolated from the rhizome tissue of Zingiber zerumbet (L.)
Smith, a medicinal plant containing several compounds, for example, polyphenols, alkaloids and terpenes [14] . This microbe produced secondary metabolites after inoculation onto ISP-2 medium for 14 days. Based on morphological observation as well as on the presence of LL-type diaminopimelic acid in the whole-cell extracts and 16S rDNA sequence, the strain W14 was identified as belonging to the genus Streptomyces. Although, the level of 16S rDNA sequence similarity between this isolate and the type strain (S. malaysiensis) of its closest relatives in the genus Streptomyces was 99.65%, but the physiological characterization clearly differentiated this isolate from its closest neighbours, implying that this isolate was distinctive. It is therefore concluded that this isolate represents a novel species of the genus Streptomyces, for which the name Streptomyces zerumbet is proposed. Two major compounds were isolated from the Streptomyces zerumbet W14 crude extract, and were identified to be methyl 5-(hydroxymethyl)furan-2-carboxylate (1) and geldanamycin (2) . To the best of our knowledge, compound 1 is furanoid toxin, which had been isolated from Curvularia lunata, the pathogen that causes Curvularia leaf spot on maize [11] . This compound has been synthesized and shown antibacterial activity with MIC value of 100 μg/ml against Streptococcus Figure 12 . Effect of compound 2 on LPS-induced mRNA expression of inducible nitric oxide synthase (iNOS) and proinflammatory cytokines in RAW 264.7 cells. Our results indicate that compound 2 inhibits the TNF-α, IL-1β and IL-6 mRNA transcription. The results were in agreement with geladanamycin inhibits the production of TNF-α in taxol, LPS, or CpG DNA-activated RAW 264.7 cells [43] [44], indicating that compound 2 has more general anti-inflammatory properties. This is consistent with a previous report showing that inhibition of Hsp90 by radicicol (which its structure related to geldanamycin) repressed the mRNA transcription TNF-α, IL-1β and IL-6 genes in LPS-stimulated THP-1 cells, a human macrophage-like cell line [45] and geldanamycin inhibited the translation of TNF-α and IL-6 transcription in LPS-activated RAW 264.7 cells, but did not appear to inhibit the translation of IL-1β [46] , which was difference from this study. This is important because previous work by Wax et al. [46] showed that a low dose of geldanamycin (300 nM). In contrast, the higher does of geldanamycin (5 μg/ml) used in this study inhibit the transciption and translation of the pro-inflammatory cytokines. Furthermore, compound 2 also suppressed the expression of COX-2 and iNOS induced by LPS, implying that this compound activation negatively regulates the expression of these pro-inflammatory mediators. Our results indicate that Hsp90 is critical to the transcriptional control of these pro-inflammatory cytokines and mediators in LPS-activated macrophages. It is thus possible that the function of Hsp90 is also critical to inflammatory cytokine and mediator production in autoimmune inflammatory diseases and that inhibition of Hsp90 could be a useful target for future drug development.
In addition, previous work by Igarashi et al. [47] showed that zerumbone (which its structure related to radicicol and geldanamycin) in Zingiber zerumbet Smith, increased cellular protein aggregates and promoted nuclear translocation of heat shock factor 1 (HSF1), which down-regulation attenuated the suppressive effects of zerumbone on mRNA and protein expressions of pro-inflammatory genes, including inducible nitric oxide synthase and IL-1β. In this study, geldanamycin isolated from Streptomyces zerumbet; an endophyte of Zingiber zerumbet, has structure related to zerumbone from Zingiber zerumbet. Since, some endophyte promoted the accumulation of secondary metabolites of host plants, which influenced the quantity and quality of compounds, or could produce diverse classes of phytochemicals, secondary metabolites originally from plants, including the structural analog compounds [48] [49] [50] [51] [52] . It was suggested that compound relationship between endophyte and host plants should be further studied in the future. This knowledge can be applied for the production of better and new drugs from endophytes and their medicinal plants.
The results obtained here demonstrate that Streptomyces zerumbet, a novel species isolated from Zingiber zerumbet (L.) Smith could produce methyl 5-(hydroxymethyl)furan-2-carboxylate (1) and geldanamycin (2) interleukin-6 (IL-6). These results indicate that the compounds 1 and 2 exhibited promising antibacterial and anti-inflammatory activities, respectively. In conclusion we suggest that the future studies on these compounds could be useful for the management of bacterial infections and inflammatory diseases. And the compound relationship between endophyte and host plants should be also further studied in the future.
